This paper reports about some SAR interferometric obervations over rainforest (in Brazil and Indonesia). The spectra of TanDEM-X interferograms exhibit a bimodal character, which can be explained by the fact that vertical components of the trees are present in the interferograms. This is explained by interpreting the periodogram as a histogram of the different slopes present in the scene. Simulations based on based on clouds of point scatterers are enough for a first modeling of the observations. It is possible to show -theoretically and with the support of simulations-that a horizontally homogeneous forest model is not able to justify our observations. This analysis has been made possible by the characteristics of the TanDEM-X system: high resolution, almost no temporal decorrelation and relatively small heights of ambiguity.
INTRODUCTION
Since the TanDEM-X satellite has been positioned in a close formation with its twin TerraSAR-X, the two have acquired thousands of SAR scenes in a bistatic configuration. The main goal of the mission is to produce a global digital elevation model (DEM) with unprecedented accuracy, with a final resolution of about 12m. The single-pass X-band interferometric pairs have a high resolution, being typically acquired with a 100-MHz bandwidth. The temporal decorrelation is almost absent, since the two images are separated by a fraction of a second. The formation is tighly controlled and the baseline ranges result in heights of ambiguities of a few dozen meters.
Tropical rainforests are one exception to the generally high coherence found in TanDEM-X data. For instance Fig. 1 displays the coherence of acquisition #1001508, which was taken over Brazil on October 23rd, 2010. The height of ambiguity is 25m and the coherence allows to clearly distinguish forested areas and clearcuts. The coherence over the forest is just 0.25-0.3 and the corresponding phase can be difficult to unwrap. It is clear that the decorrelation effect is linked to the presence of the forest and the small height of ambiguity. 
SPECTRA AND INTERPRETATION
Analyzing those interferogram we noticed a strange behavior in the spectra of the interferograms. Whereas interferometric coherence is the most common measure of the interferometric properties of two SAR images, a different insight into the second-order statistics of the interferogram is given by its spectrum:
Here y m and y s are the master and the slave images, r and a the range and azimuth coordinates, f r the range frequency. An estimate of the range spectrum can be obtained by averaging range periodograms in the azimuth dimension. The analysis of the periodograms of TanDEM-X bistatic interferograms over Brazilian and Indonesian rainforests shows some particular features, which were entirely unexpected and proved remarkably stable under a variety of conditions (geographical location, incidence angle, etc.). Two distinct peaks are recognizable (Fig. 2) , while around the zero frequency there is a power dip. The higher peak corresponds to the flat-Earth and, if we had flattened the interferogram, it would be translated around zero. However we prefer not to flatten the interferograms for this analysis.
To explain the range spectrum of the interferogram we note first that each frequency corresponds to a slope in the scene [1] , and thus the spectrum is closely related to the slope distribution in the scene (Woodward's theorem for frequencymodulated signals). The relation between slopes and frequencies is the following (bistatic case, see also [2] ):
Here f 0 is the central frequency, the normal baseline is B n , R 0 is the range distance and ϑ inc is the (local) incident angle, that is the local slope referred to the line of sight. According to this interpretation, the two peaks in Fig. 1 (right) correspond to physical slopes in the scene which are either regularly imaged or in lay-over conditions. The zerofrequency components map to slopes aligned with the line of sight.
However, the correspondence between slopes and frequencies is not simple and several aspects have to be taken into account to explain the observed spectra. The relation between slopes and frequencies is non-linear, so that there is a distortion effect that concentrates the spectra around low frequencies. The slopes facing the radar are better illuminated than the slopes oriented along the line of sight: the result is the presence of a hole around frequency zero and the appearance of two distinct peaks. A number of factors will tend to broaden the spectral peaks: discontinuities in the surfaces, the presence of topography, variations of the geometry along the swath. The spectral weighting of the original images affects the shape of the flanks of interferogram spectrum. The latter is rougly a convolution of the former, for the decorrelated components. This generates a noise pedestal which masks information about foreshortened slopes.
SIMULATIONS
Since it is difficult to describe analytically all the mentioned aspects, and in order to support the explanation of the observed spectral signature, we conducted some 2-D simulations (the azimuth dimension is ignored) based on clouds of point targets.
The first model (Fig. 3 ) is a layered model, extending up to 45 meters. The model predicts correctly the position of the flat-Earth peak, but cannot explain the secondary peak in the spectrum, since it has not scatterers extended in the vertical direction.
The second model (Fig. 4) has ground scatterers and vertical scatterers which could represent the trunks. The trunks are 15 to 30 meter high. Such a model would predict the main features of our spectra, namely the two peaks, their positions, and the dip around the line-of-sight direction.
The model that gave us the best fit is one with a random distribution of targets clustered in areas delimited by ellipses (Fig. 5 , with ellipse diameters ranging from 10 to 15m). The ellipses are intended to correspond to the tree crowns or large branches. They are randomly placed from the ground surface up to the maximum forest height (45m in the example).
The crucial point is the presence of an extinction mechanism. Scatterers which are not in full visibility are attenuated according to the number of scatterers which obscure them in the line of sight. Depending on the extinction coefficient, the scattering character goes from volume-like (low extinction) to surface-like (high extinction). A similar model, with parameters partially derived from field observations, was used for example in [3] . Although the match in Fig. 5 is not perfect, it is enough to conclude that no further cause needs to be invoked: the interferogram spectral properties can be explained on the basis of a complex but realistic forest structure.
DISCUSSION
In order to explain the second-order statistic of the interferograms it is necessary to include some lateral variations in the model. The best fit was obtained with a model comprising clound of scatterers and strong extinction, so that almost only the scatterers illuminated on the surface of the ellipses effectively contribute to the signal. A layered model, laterally homogenous, cannot account for our range spectra. A full inversion of model parameters based on the observed spectra is not attempted here.
The interferogram characteristics highlighted in this paper are such that phase unwrapping can be severely impaired. The easiest solution for TanDEM-X was to set a lower limit to the height of ambiguity over forested areas. Another solution would be to extend the averaging window, losing some resolution in the final product.
However we think that, different from what happens with simple spectral-shift decorrelation, the components outside the main peak represent actual signal contributions, and it is possible that more sophisticated models could take advantage of that signal. This could have implications for forest studies, for which X-band has always been considered less suited compared to L and P-band.
For example, if a second smaller baseline was available, one could try to unwrap the phase signal, assuming that it represents a complex but well-defined surface. In case there is some lay-over, it is likely to be only a low-order lay-over, with two-three scatterers in a resolution cell: this scenario could be dealt with a very limited number of baselines and dedicated tools like model-based layover solving or compressive sensing [4] .
The spectral feature discussed in this paper is not limited to rainforests. Similar results have been obtained also on a German forest but with a smaller height of ambiguity. Fig. 6 reports the spectrum of one X-band interferogram over southern Germany, with a height of ambiguity of about 5m. 
